Introduction
The need to investigate the vascular system non-invasively using a method offering spatial and temporal resolution comparable to digital angiography 9 is responsible for the ongoing evolution of MR angiographic techniques. Progress has also been made possible by the impressive technological advances in magnetic resonance systems (parallel imaging, phase array coils, etc.), recently culminating in the introduction of 3 Tesla MR devices into clinical practice.
Numerous reports have addressed the many qualitative improvements of MR angiography studies on 3 Tesla MR systems using a higher strength static magnetic field and hence a better signal/noise ratio 1, 4, 11, 14 .
For example, it is well known that "simple" MR angiography using the TOF technique will supply sufficient information to classify intracerebral arteriovenous malformations (AVM) according to Spetzler 16 .
Currently, there is a particular need to overcome the limitations of the MR angiographic techniques adopted to date to obtain "dynamic" besides "static" information on cerebral blood flow. Dynamic information would distinguish the arterial, capillary and venous phases, currently a prerogative exclusive of digital angiography and especially useful in the assessment of AVM, dural fistulae, etc.
Time-resolved contrast-enhanced techniques using 2D or 3D approaches have been developed and are currently in the stage of further refinement to allow the study of flow dynamics SUMMARY -MR angiography 5,17 is traditionally divided into "non-contrast enhanced" (NCE MRA) and "contrast-enhanced" (CE MRA) techniques. Contrast-enhanced techniques were initially developed to solve some of the problems encountered with non-contrast-enhanced methods, namely the long examination times, pulsatile flow artefacts, saturation when the mean blood flow is slow or when the imaging slice is parallel to the vessel, the characteristic problems of time of flight (TOF) acquisitions, and the need to define a priori beforehand the velocity sensitivity for phase contrast (PC) acquisitions. Currently used contrast-enhanced techniques 7, 8, 15, 18 are based on the acquisition of 3D gradient-echo sequences synchronized at the first passage of contrast medium by different strategies (detection of a test bolus injection, automated triggering, fluoroscopic imaging). Basically, contrast medium is administered to counteract saturation induced by slow blood flow or flow directed parallel to the imaging slice. Contrast medium serves to obtain a "static" image of vascular structures with acquisitions times ranging from a few seconds to 1-2 minutes. To avoid venous contamination, different methods have been used to collect data (centricapproach, elliptical-centric phase encoding order, etc.) in an attempt to record first the information relating to low spatial frequencies (contrast data) with respect to high spatial frequencies (detail and contour data).
acquiring images during and after the arterial phase. 2D approaches 2, 3, 6, 12, 13, 19 ,20 offer a subsecond temporal resolution, but have the major drawback of yielding only one relatively thick slice resulting in an overlap of anatomical structures which cannot be separated out by different MIP reconstructions. 3D approaches10 are characterised by lower temporal resolution (1-2 seconds), but have the advantage of a better spatial resolution, thereby improving the analysis of vascular structures.
We aimed to assess the possibilities of 3 Tesla MR angiography in investigating the vascular anatomy of AVMs and DAVFs in the central nervous system. These patients are often required to undergo numerous angiographic work-ups, embolization and monitoring sessions. Replacing follow-up digital angiography by MR angiography would significantly reduce the invasiveness of these tests and hence be a major advantage for patients.
We used a time-resolved contrast-enhanced technique adopting a 3D approach consisting in the development and initial implementation of a TRICKS (time-resolved imaging of contrast kinetics) acquisition on a General Electric 3 Tesla Signa Excite MR system to study cerebral AVM and identify spinal dural fistulae and fistulae of the Adamkiewicz artery.
Materials and Methods

MR studies
The TRICKS sequence is a highly flexible parallel imaging technique allowing the acquisition of a series of volumes in a period of time conditioned by spatial resolution and the anatomic coverage required. For example, in the study of AVMs, the sequence allowed us to reach a temporal resolution of 1.2 seconds per volume, acquiring 12 volumes with an anatomic coverage of one cerebral hemisphere and a spatial resolution (after interpolation) of 0.58×0.58×1.2 mm. In fact, using the same parameters, we recently achieved an even greater temporal resolution of less than a second (0.6 seconds) by adjusting the asset factor.
To our knowledge, this temporal resolution has only been achieved to date in magnetic resonance by using 2D approaches. However, 2D has major limitations including limited acquisition on one or two planes, limited spatial resolution resulting in a loss of fine anatomical detail like small vessels and overlap of vessels which cannot be resolved by MIP reformatting.
All investigations were performed on a General Electric 3 Tesla Signa Excite MR device. An eight channel phase array head coil was used for brain studies. Acquisition of the TRICKS sequence was preceded by a routine brain scan for vascular malformations including a MOTSA Angio-MR acquisition.
The TRICKS sequence was acquired on the sagittal plane calculated with adequate parameters for complete coverage of one cerebral hemisphere. One volume of thirty-two partitions (scan time 1.2 seconds) was repeated 12 times. Imaging parameters were the following: TR 2.8, TE 0.9, FA 20, FOV 300×300, acquisition matrix 128×128, section thickness 2.4 mm. Spatial resolution was 2.3×2.3×2.4 mm 3 , 0.58× 0.58×1.2 mm 3 after zero-filling interpolation.
Contrast medium was administered by an automatic injector after placement of a 20gauge intravenous catheter inserted into the antecubital vein. Ten ml of contrast medium (Magnevist) were given at 2 ml/s, followed by administration of 20 ml of saline solution. The TRICKS acquisition was initiated ten seconds after the start of the gadolinium bolus.
For spinal studies an Excite HD CTL eight channel phase array coil was used. Acquisition of the TRICKS sequence was preceded by a routine MR scan appropriate to the patient's disorder.
To study the Adamkiewicz artery, the TRICKS sequence was acquired on the sagittal plane with the following parameters: one volume of 136 partitions (scan time 17 seconds) was repeated twice; TR 4.4, TE 1.2, FA 20, Bandwidth 83.3, FOV 350×210, acquisition matrix 352×352, section thickness 1 mm. Spatial resolution was 1×1×1 mm 3 , 0.68×0.68×0.5 mm 3 after zero-filling interpolation.
To disclose spinal vascular malformations the TRICKS sequence was acquired on the coronal plane as follows: one volume of 64 partitions (scan time 7 seconds) was repeated nine times; TR 5.5, TE 1.2, FA 30, Bandwidth 41.7, FOV 350×260, acquisition matrix 320×192, section thickness 2.6 mm. Spatial resolution was 1×1.8×2.6 mm 3 , 0.68×0.68×1.3 mm 3 after zerofilling interpolation.
Contrast medium was administered by an automatic injector after placement of a 20gauge intravenous catheter inserted into the antecubital vein. After a test bolus (administration of 2 ml Gd-DTPA, followed by 10 ml saline solution at 2 ml/s) 0.3 mmol/Kg of contrast medium (Magnevist) was administered at One of the most interesting features of this sequence is that it works in subtraction so that one frame is acquired before the administration of contrast medium and this is subtracted from the frames acquired after contrast is administered. MIP reconstructions are then calculated automatically in the acquisition plane for each frame.
Acquired images were transferred to an Advantage Windows 4.1 (GE Healthcare) Workstation and reformatted in MIP also on other planes (coronal, axial, etc.) thanks to the isotropy of the image voxels.
The volumetric sequence was set with a isotropic voxel which is ideal for the study of AVM as it allows MIP reconstructions in several spatial planes (figure 1) hence overcoming the problem of vessel overlap.
The sequence works in subtraction allowing MR angiography of AVM which have recently bled (figure 2), or the acquisition of serial TRICKS sequences.
Subjects
From February 2005 to September 2005 we performed MR angiography brain studies using the TRICKS techniques in four patients with meningioma to determine the patency of the adjacent venous sinuses, and in ten patients receiving treatment or with a suspected arteriovenous malformation aged between 21 and 67 years.
These patients had undergone or were awaiting digital angiography and possible endovascular and/or surgical treatment. Three of these patients had received repeated embolizations and one had also undergone surgery with complete removal of the AVM. TRICKS MR angiography was performed in these patients after each treatment.
In the same period we performed MR angiography spine studies in seven males and three females aged between 14 and 65 years awaiting angiographic investigation prior to surgical treatment (herniated disc, abdominal aorta aneurysm, scoliosis, vascular malformation, tumour).
In one of these patients with suspected spinal vascular malformation, the TRICKS MR angiogram was fully satisfactory and obviated the need for digital angiography which had been precluded by severe aortic atherosclerosis.
Results and Discussion
MR angiography yielded useful information in all patients studied with findings close to those obtained at follow-up digital angiography. TRICKS sequences proved to be repeatable (figures 3-4) and also disclosed haemodynamic changes (figures 3-4) previously displayed only by digital angiography and useful in the follow-up of AVMs after repeated treatments.
Differentiation between the arterial and venous phases was excellent in the patients with meningioma ( figure 1) , and in the patients with AVM the lesion drainage vessels were displayed in the arterial phase (figures 2-7). It was not always possible to disclose partial occlusions of the nidus after repeated embolizations (figures 3-6) but this information is clearly provided by TOF MR angiography sequences.
Interesting results were obtained analysing the haemodynamic information yielded by TRICKS MR angiography repeated using the same parameter in the patient undergoing repeat embolizations and subsequent surgery. Visualization of the arterial phase was delayed in the image acquired after surgical removal of the AVM compared to in the TRICKS sequences prior to surgery (figures 3-4) due to the change in flow conditions. For the same reason, after surgery the rolandic vein (the AVM drainage vein) was no longer opacified in the arterial phase but later.
Even more interesting was the potential for spinal cord applications which disclosed the fistula tip (figure 8) in one patient with suspected spinal vascular malformation, and identified the origin of the Adamkiewicz artery and its course (figure 9) in patients awaiting surgical treatment of the spine or aortic abdomen. These findings were subsequently confirmed by digital angiography.
In conclusion, the "time-resolved imaging of contrast kinetics" sequence is a major technological step forward offering myriad potential applications as it is a highly flexible technique allowing spatial and temporal resolution to be adjusted to the requirements of the disease and anatomical district to be investigated.
Conclusions
MR angiography investigation of vascular malformations is a field of growing interest given the array of treatment options available (microsurgery, embolization, radiotherapy) and the possibility of repeated treatment sessions requiring long-term serial monitoring. It is likely that MR angiography will prove an ad-junct to traditional angiography and replace it in certain specific instances. Further studies are warranted to confirm our preliminary findings. 
